The presence of common epitopes among tropomyosins of invertebrates, including arthropods, e.g. edible ones, may help to explain the molecular basis of cross-reactivity between allergens. The work presented is the fi rst survey concerning global distribution of epitopes from Pen a 1.0102 in universal proteome. In the group of known tropomyosin epitopes, the fragment with the sequence ESKIVELEEEL was found in the sequence of channel catfi sh (Ictalurus punctatus) tropomyosin. To date, this is the fi rst result suggesting the presence of a complete sequential epitope interacting with IgE in vertebrate tropomyosin. Another fragment with the sequence VAALNRRIQL, a major part of the epitope, was found in 11 fi sh, 8 amphibians, 3 birds, 19 mammalians and 4 human tropomyosin sequences. Identical epitopes are common in sequences of invertebrate tropomyosins, including food and non-food allergens annotated in the Allergome database. The rare pentapeptide with the DEERM sequence occurs in proteins not sharing homology with tropomyosins. Pathogenic microorganisms are the most abundant category of organisms synthesizing such proteins.
INTRODUCTION
Tropomyosins and their fragments belong to the seafood allergens [Jędrychowski et al., 2008; Hajeb & Selamat, 2012 ; Kumar et al., 2012] . Their allergenic properties are usually attributed to invertebrate proteins and peptides derived from them [Kumar et al., 2012] . Few years ago vertebrate tropomyosins were regarded as non-allergenic proteins due to their susceptibility to hydrolysis by pepsin (EC 3.4.23.1; ID A01.001 in the MEROPS database of proteolytic enzymes) or absence of epitopes characteristic for invertebrate tropomyosins. On the other hand, the number of protein sequences recorded in databases is growing rapidly and it is possible that the above-mentioned criteria will not be fulfi lled by new vertebrate tropomyosin sequences. The fi rst allergenic tropomyosin of vertebrate origin -protein from fi sh Oreochromis mossambicus (Ore m 4.0101, UniProt accession No: K4PEK4, Allergome code 10146) has been recently described [Liu et al., 2013] on the basis of experimental results. Some vertebrate tropomyosins (e.g. human) are annotated in Allergome database as in silico predicted allergens on the basis of their amino acid sequences.
Tropomyosin sequences are highly conserved and some of them were known to contain common sequential epitopes.
The presence of a local sequence identity suggests potential cross-reactions between proteins [Kleter & Peijnenburg, 2002; Marti et al., 2007; Kanduc, 2008; 2012; Minkiewicz et al., 2011] . Examples of invertebrate tropomyosins with common epitopes can be found in the BIOPEP database of allergenic proteins [Dziuba et al., 2013] . All tropomyosin entries in this database contain epitopes identical to the protein of Farfantepenaeus aztecus (BIOPEP ID 76, code 3929 in Allergome database), which was subjected to extensive epitope mapping [Shanti et al., 1993; Ayuso et al., 2002; Reese et al., 2005] . Identity between epitopes of tropomyosins from various edible invertebrates has also been emphasized by Marti et al. [2007] , Zheng et al. [2011] and Abramovitch et al. [2013] .
Local sequence identity or similarity may constitute a molecular basis of cross-reaction with the human immune system. Celiac-toxic fragments of wheat gliadins and similar fragments of other proteins may serve as an example of such cross-reactions. Fragments similar to celiac-toxic peptides were found in, among others, sequences of bovine -casein, maize prolamin, oat and yeast proteins [Darewicz et al., 2007] . The presence of the above fragments can be considered as the molecular basis of cross-reactivity between the above--mentioned proteins and wheat gliadins [Cabrera-Chávez & Calderón de la Barca, 2009; Cabrera-Chávez et al., 2012; Vojdani & Tarash, 2013 ] studied in vitro using antibodies from celiac patients. In the case of arthropod tropomyosins the consensus sequence constitutes allergenic region [Marti et al., 2007] . Some experimental results obtained using tropomyosins suggest that presence of common linear epitopes may lead to cross-reactivity of allergenic proteins. Albrecht et al. [2009] have found cross-reactivity between tropomyosin from Farfantepenaeus aztecus and mouse tropomyosin with inserted epitopes from the above mentioned allergen. Interactions of hybrid protein with patient's sera were signifi cantly weaker than these of shrimp allergen, but much stronger than these of mouse tropomyosin.
In our previous study [Darewicz et al., 2007] , fragments with identities exceeding 50% were taken into account. In further studies [Minkiewicz et al., 2011; 2012] protein fragments possessing 100% identity with entire epitopes were considered. Pentapeptides are the shortest fragments recognised by the immune system [Kanduc, 2008] . The existence of a common fragment containing at least 6-8 amino acid residues is a recommended bioinformatics criterion defi ning protein as an allergen cross-reacting with previously-known allergenic proteins [Goodman, 2006] . Protein fragments used usually for epitope mapping have at least 10, and usually 15, amino acid residues. Increasing the length of common fragments suggests increasing the likelihood of cross-reactivity between proteins. Additional restriction is recommended [Dall'Antonia et al., 2014] . The secondary structure of peptide should mimic the structure of the corresponding fragment of entire protein.
The aim of this study was to analyse the distribution of peptides considered as experimentally-recognised epitopes of the allergen Pen a 1.0102 in the set of all known protein sequences. The questions to be answered are as follows: Do common fragments occur in invertebrate tropomyosins and in vertebrate tropomyosins? How many invertebrate tropomyosins contain common epitopes forming a possible molecular basis of cross-reactivity? Are epitopic peptides from invertebrate tropomyosins present in non-homologous proteins?
METHODS
Sixty sequences of epitopes from the BIOPEP database [Dziuba et al., 2013] , attributed to tropomyosin from the shrimp Farfantepenaeus aztecus (allergen Pen a 1.0102) were used as query sequences. Most of the epitopes used were also registered in the Immune Epitope Database (IEDB) [Vita et al., 2010] . Secondary structure of epitopic peptides was predicted using GOR V program [Sen et al., 2005] . The UniProt database [The UniProt Consortium, 2014] was searched using the WU-BLAST program [Altschul et al., 1997] . Protein entries in UniProt contain, for example, links to the InterPro domain database [Hunter et al., 2012] and to the Allergome database [Mari et al., 2009] if they are known allergens. The following parameters were applied: the PAM 10 matrix, expected threshold: 1000, data sorting according to high score [Minkiewicz et al., 2012] . The remaining parameters were set at default values. Only the sequences whose identity 100% matched the query sequences or the length of continuous fragment exceeding 8 amino acid residues were taken into account in line with previous recommendations [Goodman, 2006; Minkiewicz et al., 2011] . Vertebrate protein sequences annotated as "inferred from homology" or "predicted" were examined using the MisPred program [Nagy et al., 2008] . 
RESULTS AND DISCUSSION
Occurrence of common shrimp tropomyosin epitope sequences in vertebrate and invertebrate tropomyosins A full list of epitope precursors found is available at author's profi le at ResearchGate portal or available upon request from the corresponding author.
The epitope with the sequence ESKIVELEEEL (IEDB ID 14182) was found in the sequence of channel catfi sh (Ictalurus punctatus) tropomyosin (UniProt entry name: E3TF21_ICT-PU). The location of the above epitope in the protein sequence is presented in Figure 1 . Bonds susceptible to pepsin action within the epitope and in the nearest surroundings are also presented in Figure 1 . The most likely secondary structure for the above mentioned peptide as well as longer fragments of Pen a 1.0102 allergen and Ictalurus punctatus tropomyosin containing its sequence (ESKIVELEEELRV, ESKIVELEEELRVVG, ESKIVELEEELRI and ESKIVELEEELRIVG) is a-helix as judged using GOR V program. The predicted secondary structure of peptides is the same as experimentally found secondary structure of entire tropomyosin chains, presented in the Protein Data Bank.
The second fragment of Farfantepenenaeus aztecus tropomyosin in vertebrate proteins is decapeptide VAALNRRIQL, a fragment of the epitope interacting with IgE, possessing sequence VAALNRRIQLLEEDL (IEDB No. 67524). Human and animal tropomyosins containing fragments similar to the epitope (with sequence VAALNRRIQLVEEEL) are summarized in Table 2 . Both of these pentadecapeptides possess 13 common amino acid residues, including common Nterminal decapeptide. Changes in the sequence (valine versus leucine and glutamic acid versus aspartic acid) do not lead to signifi cant changes in physico-chemical properties. The most likely secondary structure predicted for both above pentadecapeptides using GOR V program, is -helix. The majority of mammal, bird and fi sh species indicated in Table 2 are sources of food. Only a few proteins were identifi ed at the protein level, but the existence of others has been inferred based on homology with previously-discovered proteins.
It should be taken into account that the application of the strategy described here misses part of allergens as pointed out previously [Minkiewicz et al., 2011] . Proteins containing known epitopes are likely to be allergens, but absence of epitopes from a previously known allergenic homolog does not provide evidence that protein is safe. This remark is supported by the fact that the sequence of the allergenic fi sh tropomyosin Ore m 4.0101 [Liu et al., 2013] does not contain epitopes from shrimp tropomyosin. It could not be predicted as an allergen only on the basis of the presence of known epitopes from the set used in this work. On the other hand, there were some premises to take into account possibility of allergenicity of vertebrate tropomyosins before discovery of the Ore m 4.0101.
The presence of experimentally confi rmed epitope suggests that channel catfi sh tropomyosin is potentially allergenic, in line with the previously-proposed decision tree [Minkiewicz et al., 2011]. More precisely: this protein may reveal at least interaction with Immunoglobulin E specifi c for the epitopic peptide ESKIVELEEEL. Sereda et al. [2010] have found that there are animal antibodies interacting both with invertebrate and vertebrate tropomyosins in vitro. Such property is considered to be one of the three attributes of food allergens [Bannon, 2004] . If protein does not induce allergic sensitiza-FIGURE 1. Sequence of channel catfi sh tropomyosin. The epitope interacting with B cells is underlined. Bonds which are predicted to be susceptible to pepsin hydrolysis and which could induce the release and/or degradation of the epitope are marked with arrows. The bond corresponding to the missed cleavage is indicated in bold. tion or allergic reactions, it is considered to be an incomplete allergen, i.e. a non-ellicitor [Bannon, 2004] . On the other hand, it was found that epitopes from shrimp are useful markers in the diagnosis of allergy to tropomyosins [Ayuso et al., 2012] . This fact increases the likelihood of channel catfi sh tropomyosin allergenicity. Assuming that all predicted bonds are hydrolysed, the analysed epitope should be susceptible to pepsin cleavage ( Figure 1 ) and released if at least one bond is resistant to hydrolysis. This fi nding seems to be the weak point of possible allergenicity prediction because resistance to pepsin hydrolysis is regarded as a criterion of allergenicity [Schnell & Herman, 2009 ]. On the other hand, bonds that are theoretically predicted to be susceptible to proteolysis could actually be resistant. Examples of decreased protein susceptibility to proteolysis due to interactions with other compounds were presented by Schnell & Herman [2009] .
The confi rmation of the tested hypothesis would expand the database of vertebrate allergens and the list of potential risk factors for people who are allergic to crustaceans, insects and mites.
The use of epitope sequences as queries in the screening of the UniProt database supported the discovery of the fi rst vertebrate (fi sh) tropomyosin containing the known epitope interacting with IgE. Although the allergenicity of vertebrate tropomyosins (apart of tropomyosin from Oreochromis mosambicus) and the cross-reactivity between vertebrate and invertebrate tropomyosins have not been experimentally confi rmed, this possibility cannot be ruled out. The number of identifi ed protein sequences is growing rapidly, therefore it is highly likely that new sequences of vertebrate tropomyosins containing epitopes interacting with IgE or their fragments with more than 8 amino acid residues will be found. Allergenicity predictions may be tested experimentally to verify whether vertebrate tropomyosins and/or their fragments characterised by the highest similarity to tropomyosin epitopes fulfi l the following criteria of allergenicity: interaction with immunoglobulin E, induction of allergic sensitization and induction of allergic reactions [Bannon, 2004; Schnell & Herman, 2009 ]. An additional experiment could be designed to determine whether vertebrate protein fragments which are identical or similar to epitopes are able to survive gastrointestinal digestion.
Occurrence of fragment identical or similar to shrimp epitopes among proteins
The results concerning entire set of proteins were generally as expected on the basis of data from tropomyosins annotated in BIOPEP database [Minkiewicz et al., 2011] . Epitopes from shrimp tropomyosin were present in 484 proteins. Tropomyosins (i.e. proteins possessing the tropomyosin domain with the signature IPR000533 in the InterPro database) were the most abundant family (Table 3) . 331 tropomyosins contained fragments identical to those of the Pen a 1.0102 allergen. Among these sequences, 192 were annotated in Allergome database, which is the leading to date database of allergens. Most invertebrate species may be divided into fi ve categories on the basis of kind of contact with people ( Table  4 ). The fi rst of them summarises edible invertebrates -mainly crustaceans and molluscs (61 species). The second one contains human parasites -worms and arthropods, e.g. bloodfeeding (24 species). The third one includes parasites of domestic and/or edible animals (19 species). The fourth category includes parasites of edible plants (7 species). The fi fth category includes invertebrates having contact with humans, such as dust mites, insects and other arthropods possible to be found in houses (18 species). Cultured invertebrates such as Bombyx mori (economically important), Drosophila melanogaster or Caenorhabditis elegans (cultured in research laboratories) are also included in this category. Some parasites are classifi ed in two categories (human and animal parasites) and they possess more than one host.
The broad prevalence of common epitopes among tropomyosins from various sources is in agreement with experi- Six proteins, not belonging to tropomyosin family contain epitopic peptides consisting of 8 residues (Table 5) .
Occurrence of the rare pentapeptides
Rare pentapeptide DEERM (IEDB ID 7975) is the most abundant common epitope between Pen a 1.0102 and proteins not belonging to the tropomyosin family. Rare pentapeptides are considered as basic motifs responsible for stimulation of the immune system [Kanduc, 2008 [Kanduc, , 2012 . Pentapeptide may be considered as rare if it only occurs in hundreds of protein sequences. According to the database associated with the Tachyon program [Tan et al., 2012] , the most abundant pentapeptides occur in three orders of magnitude higher number of sequences.
Pentapeptide DEERM from shrimp tropomyosin was present in 147 proteins not belonging to tropomyosin family, i.e. not attributed or containing domains other than tropomyosin. Well-defi ned domains, annotated in the InterPro system were present in 85 protein sequences. Proteins contained 123 domains annotated in the InterPro system, but only 35 of them were present in two or more proteins (Table  3) . Apart from tropomyosin, no domain was present in more than fi ve proteins. Only in two cases (FMRFamide-related peptide-like (IPR002544) and uncharacterised protein family, calcium binding protein CcbP (IPR020994) did the percentage of proteins with epitopes from Pen a 1.0102 exceed 1% of proteins containing a domain. Selected species synthesising proteins containing pentapeptide DEERM are organised into categories as described previously [Minkiewicz et al., 2012] (Table 6) : edible plants and animals (7 species), microorganisms involved or potentially involved in food technology (2 species), human symbionts and commensals (12 species) as well as human pathogens (18 species). Some species are annotated in two categories: human symbionts and commensals as well as human pathogens. They are microorganisms usually coexisting with humans but sometimes causing opportunistic infections.
Particular families contain up to fi ve proteins with the epitopes (Table 3) and usually between 0.01 and 0.1% of proteins within a family containing epitopes. The distribution of the peptide DEERM, among protein families (apart from tropomyosins) seems to be random. This fi nding is consistent with the distribution of hexapeptides from Gadus morhua subsp. callarias parvalbumin [Minkiewicz et al., 2012] . The fact that pathogens are the most abundant category among the species synthesising proteins not belonging to the tropomyosin family and containing epitopes from Pen a 1.0102 is also in line with previous fi ndings [Minkiewicz et al., 2012] . The presence of the same epitopes in allergens and pathogens should be taken into account during vaccine design, as discussed previously [Minkiewicz et al., 2012] . The epitope with sequence DEERM occurs e.g. in proteins from human gastrointestinal microfl ora. The abnormal interactions between these microorganisms and human immune system are associated with the Infl ammatory Bowel Disease [Glocker & Grimbacher, 2012] . The above mentioned epitope has been found also in three human protein sequences, charged multivesicular body proteins 7: E5RFR8, E5RJI3 and B4DKJ6. They are not attributed to any family defi ned in InterPro classifi cation system.
The fact that pathogens are the most abundant category among the species synthesising proteins not belonging to the tropomyosin family and containing epitopes from Pen a 1.0102 is also in line with previous fi ndings [Minkiewicz et al., 2012] . The similarity between proteins is also molecular basis of so called hygiene hypothesis assuming that in the case of lack of pathogens, the immune system may be provoked by proteins similar to those originated from pathogens [da Costa Santiago et al., 2013] .
Pentapeptides as fragments of epitopes interacting with IgE and originating from various allergens have previously been found in human protein sequences [Kanduc, 2008] . The fragments of tropomyosin from Farfantepenaeus aztecus were among them. Human tropomyosin is considered as an autoantigen in infl ammatory bowel disease [Mirza et al., 2006] .
Advantages and limitations of prediction based on common subsequences
The major advantage of the database screening using epitope sequences is simplicity and possibility of rapid construction of preliminary list of potential cross-reacting allergens. Results of such screening may serve as the basis for further research. Presence of common fragments recognised as epitopes seems to be a stronger criterion to taking into attention possibility of cross-reaction than criterion assuming presence of any common fragment containing at least 6-8 amino acid residues. "Stronger" may be understood as leading to smaller percentage of false positive results. Suitability of presence of common epitopes increases if allergenicity is triggered by fragments of proteins e.g. originating from proteolysis occurring during food processing or digestion. The presence of common sequential epitopes as a molecular basis of crossreactivity between tropomyosins has some experimental support. Mouse tropomyosin with inserted epitopes from Farfantepenaeus aztecus tropomyosin revealed interaction with immunoglobulin E [Albrecht et al., 2009] , i.e. fulfi lled one of the three criteria of allergenicity.
Some limitations of database screening using epitope sequences as queries have been discussed previously [Minkiewicz et al., 2011] . In the above publication we have pointed out that searching for protein fragments identical with query sequence leads to miss some allergens. In the case of tropomyosins the Ore m 4.0101 allergen may serve as an example of false negative result. Likelihood of obtaining false negative results may be lowered if similarity between query sequence and fragment of target sequence is below 100%. It is obvious that cross-reactivity based on conformational epitopes is also missed.
Epitope mapping is usually performed using synthetic fragments of protein chain or to a lesser extent fragments obtained via proteolysis. Results obtained using peptides not always may be extrapolated to the entire proteins. Part of peptides may not fulfi l recommendation concerning the secondary structure consistent with the secondary structure of parent proteins.
In our work we have used a set of 60 peptide sequences as queries. For 40 of them -helix was pointed out as the most likely secondary structure for more than 50% of chain length. The most likely sequence (for at least 50% of chain) for the remaining 20 peptides was coil. It is possible that peptide without defi ned structure will interact with IgE whereas entire proteins containing the fragment with identical sequence but possessing -helix structure -will not. On the other hand, coiled peptides may serve for prediction of allergenicity of denatured or partially hydrolysed proteins. Denaturation or partial hydrolysis often occurs during food processing. Protein fragments may also lose secondary structure during digestion in the digestive tract. In the case of rare pentapeptides, such as DEERM, more complex analysis of their surrounding may be necessary. This peptide is too short to form well-defi ned secondary structure. When peptide is a fragment of longer chain it may form -helix or coil depending on surrounding. Apart from secondary structure the location of a fragment at protein surface, charge and hydrophobicity fragment surrounding should be included.
CONCLUSIONS
The work presented describes the fi rst survey of prevalence of epitopes from Pen a 1.0102 allergen in universal proteome.
Vertebrate tropomyosins (e.g. from vertebrates used as food resources) contain fragments containing between 10 and 15 amino acid residues revealing 100% identity with epitopes from allergen Pen a 1.0102 (tropomyosin from shrimp Farfantepenaeus aztecus). Fragments identical to epitopes from Pen a 1.0102 are common in sequences of invertebrate tropomyosins, including these annotated in the Allergome database. Common epitopes are a likely molecular basis for cross-reactivity between them (e.g. between food and non--food invertebrates). Some epitopes, especially rare pentapeptides (with the DEERM sequence), are present in sequences of proteins not sharing homology with tropomyosins. This fragment is present in several proteins, e.g. from edible plants and animals as well as pathogenic microorganisms.
